Although one-third of the world population is infected with Mycobacterium tuberculosis, only 5-10% of the infected individuals will develop active tuberculosis (TB) disease and the rest will remain infected with no symptoms, known as latent TB infection (LTBI). Identifying biomarkers that differentiate latent and active TB disease enables effective TB control, as early detection, treatment of active TB and preventive treatment of individuals with LTBI are crucial steps involved in TB control. Here, we have evaluated the frequency of antigen-specific memory and regulatory T (Treg) cells in 15 healthy household contacts (HHC) and 15 pulmonary TB patients (PTB) to identify biomarkers for differential diagnosis of LTBI and active TB. Among all the antigens tested in the present study, early secretory antigenic target-6 (ESAT-6) -specific CD4 + and CD8 + central memory (Tcm) cells showed 93% positivity in HHC and 20% positivity in PTB. The novel test antigens Rv0753c and Rv0009 both displayed 80% and 20% positivity in HHC and PTB, respectively. In contrast to Tcm cells, effector memory T (Tem) cells showed a higher response in PTB than HHC; both ESAT-6 and Rv0009 showed similar positivity of 80% in PTB and 33% in HHC. PTB patients have a higher proportion of circulating antigen-reactive Treg cells (CD4 + CD25 + FoxP3 + ) than LTBI.
Summary
Although one-third of the world population is infected with Mycobacterium tuberculosis, only 5-10% of the infected individuals will develop active tuberculosis (TB) disease and the rest will remain infected with no symptoms, known as latent TB infection (LTBI). Identifying biomarkers that differentiate latent and active TB disease enables effective TB control, as early detection, treatment of active TB and preventive treatment of individuals with LTBI are crucial steps involved in TB control. Here, we have evaluated the frequency of antigen-specific memory and regulatory T (Treg) cells in 15 healthy household contacts (HHC) and 15 pulmonary TB patients (PTB) to identify biomarkers for differential diagnosis of LTBI and active TB. Among all the antigens tested in the present study, early secretory antigenic target-6 (ESAT-6) -specific CD4 + and CD8 + central memory (Tcm) cells showed 93% positivity in HHC and 20% positivity in PTB. The novel test antigens Rv0753c and Rv0009 both displayed 80% and 20% positivity in HHC and PTB, respectively. In contrast to Tcm cells, effector memory T (Tem) cells showed a higher response in PTB than HHC; both ESAT-6 and Rv0009 showed similar positivity of 80% in PTB and 33% in HHC. PTB patients have a higher proportion of circulating antigen-reactive Treg cells (CD4 + CD25 + FoxP3 + ) than LTBI.
Introduction
It is estimated that one-third of the human population is infected with Mycobacterium tuberculosis, the causative agent of tuberculosis (TB), and is therefore at risk of developing TB disease. 1 In most cases, the infected individuals remain healthy, sometimes throughout their lifetime, and develop a latent TB infection (LTBI) with no sign of TB disease. A better understanding of the immunological parameters/differences between LTBI and active TB might provide a clue about the definition of correlates with protection, differential immuno-diagnosis of LTBI and active TB, and to the development of new vaccines against the disease.
Tuberculosis is a chronic, infectious disease and prolonged exposure to mycobacterial antigens impacts the biology of antigen-specific T cells, including the differentiation of memory and regulatory T cells. The activation and differentiation of memory cells are characterized by a number of distinct stages. During the infection, homogeneous naive T cells undergo massive proliferation and clonal expansion to form a heterogeneous population of
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effector and memory cells. 2, 3 In this study, we used CD45RA marker for differentiating naive from memory T-cell subsets. CD45RA is expressed on naive T cells, as well as the effector cells in both CD4 and CD8. After antigen experience, central and effector memory T cells gain expression of CD45RO and lose expression of CD45RA. During high levels of antigen burden and inflammation, generation of short-lived effector cells occurs to control the infection and 95% of effector cells die as a result of apoptosis once the infection is cleared. The remaining pathogen-specific effector T cells differentiate into a memory T-cell population that can survive for a long time in contrast to effector cells. These memory cells can be divided into two functionally distinct subsets based on the expression of cell surface markers (lymph node homing receptors). They are T central memory (Tcm) and T effector memory (Tem) T cells. For differentiation of central and effector memory populations, we used chemokine receptor CCR7 as a reference standard and widely used marker. Tcm cells that express CCR7 mainly circulate in lymphoid tissues (lymph nodes, spleen and bone marrow) and blood. Tcm cells are longlived T cells with self-renewal and proliferation capacity and can rapidly differentiate into effector cells upon encountering foreign antigen. 4 In contrast, Tem cells lack CCR7 and mainly circulate in peripheral non-lymphoid tissues (e.g. lung, liver, intestine), spleen and blood. 5 Therefore, Tcm cells confer long-term protection, whereas Tem cells have only limited reconstitution capacity. 6 Regulatory T (Treg) cells play an important role in immune regulation to prevent autoimmune diseases and to control the immune responses by down-regulating the effector function of CD4 + or CD8 + T cells, which lead to delayed onset of the adaptive immune response. 7, 8 On the other hand, pre-existing Treg cells have a beneficial role in the very early stage of infection that activates T cells and the subsequent secretion of pro-inflammatory cytokines. 9, 10 Several subsets of Treg cells have been identified, such as interleukin-10 (IL-10) -secreting (Tr1) or transforming growth factor-b-secreting (Th3) Treg cells and CD4 + CD25 + FoxP3 + Treg cells. 11, 12 Among these subsets, the last one plays a major role in the regulation of immune response and the expression of CD25 is a conventional marker for CD4 + T-cell activation. 13 It has been reported that the T cells may be susceptible to the immunosuppressive effects of Treg cells.
14, 15 Oldenhove et al. demonstrated that T cells isolated from CD4 + CD25 + -depleted mice produced higher levels of interferon-c (IFN-c) and low levels of IL-4. 16 To date, information about the immunoregulatory properties of antigen-specific CD4 + CD25 + T cells in TB disease is scarce. Recent studies have revealed that a subset of CD4 T cells expressing the transcription factor called forkhead/ winged helix transcription factor (FoxP3) acts as regulatory T cells. It is fundamental for the development and the function of CD4 suppressive cells and also activates antiinflammatory genes. 17 In vitro and in vivo studies reported that, along with CD25, FoxP3 can suppress the activation, proliferation and effector functions of other T cells such as natural killer cells, natural killer T cells, B cells and antigen-presenting cells. 18 It was demonstrated earlier that these Treg cell subsets have a significant role in the differential diagnosis of latent and active TB 19 and therefore further studies on these crucial regulators during M. tuberculosis infection would be informative.
In our previous report, we observed that there is an impaired T-cell response in active TB compared with LTBI. [20] [21] [22] The suppressed immune response during active TB is because Treg cells play a role in immune evasion by M. tuberculosis, 23 not because of an intrinsic defect in the Tcell response to M. tuberculosis antigens. Earlier reports suggested that evaluating memory phenotypes of responding T cells led to the identification of highly sensitive and specific biomarkers for differential diagnosis of LTBI and active TB. 24 Therefore, in this study, we have evaluated the antigen-specific frequency of memory and the regulatory response of CD4 and CD8 T cells in healthy household contacts (HHC) and patients with pulmonary TB (PTB) for the identification of biomarkers for differential TB diagnosis.
The role of a phase-dependent antigen-specific CD4 + and CD8 + T-cell phenotypic profile in LTBI and active TB significantly improves the possibility of using these antigens in TB diagnostic tests. The antigens used in the present study also belong to stage-specific antigens. The Rv2204c antigen is a hypothetical antigen, predicted to express under thiol oxidative stress conditions. 25 The second antigen, Rv0753c, was identified as a probable methyl melonate semi-aldehyde dehydrogenase (mmsA) and is an M. tuberculosis-secreted protein that has been identified in the supernatant of culture-filtered M. tuberculosis.
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Rv0753c is a reactivation antigen involved during the reactivation of non-replicative dormant mycobacteria to an actively replicating form. 27, 28 In addition, it also plays a critical role in the activation of dendritic cells and the initiation of the T helper type 1 (Th1) phenotype in the adaptive immune response. 29 However, the immunological function of MmsA has not been elucidated, particularly with respect to the biomarker for TB diagnosis. Previous reports from our laboratory predicted that Rv0009 antigen was over-expressed in M. tuberculosis clinical strains (S7 and S10) in an in vitro dormancy-hypoxia model. 30 Hence, we are interested to analyse the potential of these phasespecific antigens for discriminating LTBI and active TB. Tuberculosis, Chennai, India. Written informed consent was obtained from all the study participants before collecting the blood. Adults (age > 18 years) with newly diagnosed active pulmonary TB and LTBI were recruited for this study. Individuals with a previous history of TB, those who underwent anti-TB treatment or those under immunosuppressive therapy were excluded from the study. All study participants were confirmed as HIVnegative. Peripheral blood samples (10 mL) were collected from a total of 30 participants. The demographic characteristics of the study participants are shown in Table 1 .
Materials and methods

Study subjects
Healthy household contacts
Fifteen HHC were recruited from families where there was at least one newly diagnosed sputum-positive PTB patient (index case) living in the same household for at least 3 months with the index case. Disease-free status of HHC was confirmed by clinical examination, negative smear findings and normal chest X-ray. All the recruited HHC were positive for the Quantiferon TB Gold-in-tube assay (QFT-GIT) test (Cellestis, Qiagen, Venlo, the Netherlands) confirming their infection status with M. tuberculosis. All HHC were followed for up to 6 months and those who developed TB disease/active TB were excluded from the analysis.
Pulmonary tuberculosis patients
For this study, 15 patients with PTB were recruited from the Government Thiruvoteeswarar Hospital of Thoracic Medicine, Otteri, Chennai, India. All the recruited patients were recently diagnosed (new smear positives) as PTB patients. Two spot and one overnight sputum specimens were collected from each patient. Sputum specimens were examined for acid-fast bacillus by fluorescence microscopy and culture that showed positivity for both smear and culture for all TB patients. Further, all the recruited PTB patients were positive for the QFT-GIT test.
Interferon-c release assay
An IFN-c release assay (IGRA) was performed using a QFT-GIT kit (Cellestis). Out of 10 ml, 1 ml of blood was taken from each of the three tubes pre-coated with M. tuberculosis antigens [early secretory antigenic target-6 (ESAT-6), culture filtrate antigen (CFP-10) and TB7.7] and considered as a test sample tube, phytohaemagglutinin was a positive control tube and the saline-coated tube was a negative control. The tubes were incubated for 16-24 hr at 37°in 5% CO 2 and the supernatant was collected after centrifugation. The cytokine IFN-c was measured in the supernatant by ELISA as per the manufacturer's instructions. The test results were interpreted as per the kit guidelines, using the software provided by the manufacturer.
In vitro stimulation of whole blood
To minimize sample consumption and also to screen larger numbers of antigens, the collected blood was diluted to the ratio of 1:1 with RPMI-1640 medium (SigmaAldrich, St Louis, MO), supplemented with glutamine (0Á29 g/L), penicillin (100 U/L) and streptomycin (0Á1 mg/mL). The recombinant plasmids encoding ESAT-6 and CFP-10 were a kind gift from Colorado State University, Fort Collins, CO, USA. The proteins Rv2204c, Rv0753c and Rv0009 were cloned, over-expressed and purified by recombinant DNA technology as described in our earlier publications. [20] [21] [22] [23] Endotoxin concentration in all recombinant protein preparations was quantified by LAL assay and ranged from 1 to 10 EU per mg of protein, which is acceptable. 31 The diluted blood was stimulated with ESAT-6, CFP-10, Rv2204c, Rv0753c and Rv0009 at a concentration of 5 lg/mL and phytohaemagglutinin stimulation as a mitogen control at a similar concentration. Diluted blood without any stimulant served as a control. Purified co-stimulatory antibodies, anti-CD28 and anti-CD49d (Becton Dickinson, San Jose, CA), were added at a final concentration of 0Á5 lg/mL and the culture plate was incubated at 37°, 5% atmospheric CO 2 . After the incubation period of 16 hr, cells were harvested with PBS treated with BD FACS lysing solution (Becton Dickinson) to lyse the red blood cells. Finally, cells were fixed with cytofix/cytoperm buffer (BD Table 1 Biosciences, San Diego, CA) and stored with 10% DMSO at À80°.
Immunostaining
The cryopreserved cells were thawed rapidly and washed with PBS. The cells were stained with fluorochrome-conjugated antibodies for surface T-cell markers [phycoerythrin (PE) -Cy7 CD3, allophycocyanin (APC) -Cy7 CD4, peridinin chlorophyll protein CD8, APC CD45RA, PE CCR7, APC CD25] (BD Biosciences) at a concentration of 2 ll/ 10 6 cells. Then the cells were incubated for 30 min at 4°in the dark. Following surface staining, cells were washed with PBS, fixed and permeabilized with cytofix/cytoperm buffer. After fixing, the cells were washed with perm wash solution and intracellular staining for regulatory marker FoxP3 (FITC FoxP3) was performed. Finally, stained cells were washed with PBS and acquisition was performed on a FACS Canto II flow cytometer with FACSDIVA software (BD and Company, Cockeysville, MD). A total of 100 000 lymphocyte events were recorded and data were analysed with FLOWJO software 7Á1Á1 version (Tree Star Inc., Ashland, OR). Compensation was calculated from fluorochrome-conjugated antibodies coupled with CompBeads (BD Biosciences). The boundaries were defined by setting fluorescence-minus-one controls for all the antibodies.
Data analysis
All analyses were performed with Graphpad Prism version 5Á00 for Windows (GraphPad Software, San Diego, CA). Intergroup comparison was carried out by non-parametric Mann-Whitney U-test. We used a receiver operating curve (ROC) to determine the cut-off value for each antigen. The optimal cut-off values were chosen when the Youden's index (sensitivity + specificity À 1) was maximum. The subjects were scored as positive for the specific phenotype percentage that was greater than the cut-off value. A p-value <0Á05 was considered statistically significant. ROC data for antigen-specific memory and Treg cells are shown in the Supplementary material (Fig. S1 ). The percentage of antigen-specific Tcm, Tem and Treg cells was obtained by subtracting the baseline values of the unstimulated control from all stimulated test samples.
Results
Demographic characteristics of the subjects enrolled
For this study, we recruited 15 HHC QFT-GIT-positive and 15 smear-positive PTB cases. Their median (range) ages were: 39 (22-52) years for LTBI, 43 years for active TB. The male/female ratio for LTBI was 9/6 and for active TB was 10/5. The demographic profiles of 15 HHC and 15 PTB are summarized in Table 1 .
Frequencies of effector and memory response T cells in latent and active TB
To determine whether the memory T-cell response to mycobacterial antigens differed between LTBI and active TB, we cultured whole blood with M. tuberculosis antigens such as ESAT-6, CFP-10, Rv2204c, Rv0753c and Rv0009 and examined the surface expression of CD45RA and CCR7 on CD4 and CD8 T cells, after 16 ). The general gating strategy followed for CD4 and CD8 memory and effector responses are given in Fig. 1 .
Increased expression of central memory T cells in latent TB
The predominant cell phenotype responding to antigenic stimulation was CD4 + Tcm (CD3 + CD4 + CD45RA À CCR7 + ) cells in LTBI compared with the PTB (Fig. 2a) . Although we detected a higher frequency of CD4 + T cells that express CCR7 alone in response to M. tuberculosis antigens in HHC than in PTB, a significant difference was observed only for ESAT-6, Rv0753c and Rv0009. We analysed whether these antigen-specific memory markers can be used for differential diagnosis of LTBI and active TB by performing ROC analysis and determined the cut-off value for each antigen-specific cytokine based on Youden's index. The p-values, area under the curve (AUC) values and positivity in HHC and PTB for each of these antigens are shown in Table 2 . The values above the cut-off were considered as positive in both groups. The discriminative capacity of antigenspecific CD4 + Tcm cells was shown by AUC values (Table 2 ). Among the antigens tested here, ESAT-6-specific CD4 + Tcm cells showed a 0Á84 AUC value with 95% CI. It showed 93% (14/15) positivity in HHC and only 20% (3/15) positivity in the PTB. The test antigen Rv0753c exhibited positivity of 73% (11/15) in HHC and 33% (5/15) in the PTB. Hence, compared with test antigens, standard antigen, ESAT-6 showed better discrimination between HHC and PTB.
Interestingly, compared with CD4 memory cells, the percentage of CD8 Tcm cells (CD3 + CD8 + CD45RA À CCR7 + ) was significantly high for all the antigens used except for CFP-10 ( Fig. 2c) . Among all the antigens, the highest levels of significance were obtained for Rv0753c and ESAT-6 antigen stimulations in HHC compared with the PTB (p < 0Á001). The other test antigen, Rv2204c, also showed significance levels of p < 0Á01 with high CD8 + Tcm subtype in HHC. We analysed whether the differences in the percentage of this phenotype could be used to distinguish (Table 2) . Similar to CD4 Tcm cells, CD8 Tcm cells also discriminated between HHC and PTB with the AUC > 0Á75. Among the antigens used here, the AUC was maximal for Rv0753c (0Á846) followed by ESAT-6 (0Á844) and Rv0009 
Increased expression of effector and naive T cells in active TB
Another phenotype, effector (CD45RA + CCR7 À ) T cells, showed a higher response in PTB than HHC (Fig. 2b) 
Frequency of Treg cells in subjects with latent and active TB
The frequencies of different Treg cell marker combinations (CD25 and FoxP3) were analysed in the blood of HHC and PTB cases. The gating strategy followed for CD4 and CD8 regulatory responses are shown in Fig. 3 . Differences between the groups were compared using a Mann-Whitney U-test. Statistical differences with p < 0Á05 are considered significant and shown in the plot. NS, non-significant. Table 3 . Among these antigens, maximum positivity of 80% (12/15) in PTB was observed for Rv0009, this antigen also showed moderate positivity of 33% (5/15) in HHC (Table 3) . Regarding CD8 + FoxP3 À Treg cells, ESAT-6 exhibited a significant difference between HHC and PTB (Fig. 4c) . This antigen identified nine PTB cases out of 15 (60% positivity) whereas in HHC, none of them was positive (0% positivity). (Fig. 4b) . The proportion of antigen-specific CD4 + Treg cells expanded by ESAT-6, CFP-10, Rv0753c and Rv0009 but did not significantly differ between PTB and LTBI. However, there was a significant increase in the proportion of Rv2204c-specific CD4 + Treg cells in active TB compared with LTBI. This antigen showed maximum positivity of 73% (11/15) in PTB and 20% (3/15) in HHC ( Table 3) . None of the antigens tested here showed a significant difference between HHC and PTB in the percentage of CD8 + Treg cells (Fig. 4d) .
Percentage of CD25 À FoxP3 + expressing CD8 T cells is increased in active TB
We defined the CD3 + CD4 + /CD8 + CD25 À FoxP3 + phenotype as FoxP3 + Treg cells. The proportion of antigenspecific FoxP3 marker was similar in the two groups except for Rv0009 (Fig. 5a) . Statistically, significant differences in percentages of Rv0009-specific CD8 + FoxP3 + Treg cells were observed between active TB and LTBI (P < 0Á05). The AUC value of CD8 + FoxP3 + is 0Á708 with 95% CI. This antigen identified 11 PTB cases with 73Á3% positivity and four HHC with 26Á6% positivity (Table 3) .
Interestingly, the cells negative for both markers CD4 + CD25 À and FoxP3
À ) had shown a significant difference between LTBI and active TB against Rv2204c, Rv0753c and Rv0009 stimulations (Fig. 5b) . The AUC values ranged from 0Á77 to 0Á813 for three antigens (Table 3) . We observed the ROC curve with an AUC of 0Á813 with a p-value of 0Á003, for the Rv2204c-specific CD4 + CD25 À FoxP3 À phenotype.
This antigen displayed 73Á3% (11/15) positivity in HHC and 20% (3/15) positivity in the PTB (Table 3) .
Discussion
It is estimated that 2 billion people have been infected with M. tuberculosis, which represents a potential source of future active TB. Identifying potential biomarkers that differentiate latent and active TB are urgently needed for TB control. Recently, IGRA has been widely used in TB diagnosis because it shows higher sensitivity and specificity compared with the tuberculin skin test (TST). However, like TST, IGRA cannot distinguish between LTBI and active TB, which limits its usage in countries with high levels of endemicity. 32 Hence, identification of potential biomarkers that can differentiate LTBI and active TB would be beneficial.
Many studies have focused on the response to different M. tuberculosis antigens expressed during the different phases of infection. 26, [33] [34] [35] [36] Therefore, identifying new Differences between the groups were compared by non-parametric Mann-Whitney U-test. Statistical differences with p-values are shown in the graph. NS, non-significant. immunodiagnosis is the lack of specificity for M. tuberculosis. Although, the selected antigens are also not M. tuberculosis specific, the cytokine response to these antigens was not influenced by bacillus Clamette-Gu erin (BCG) vaccination as observed in our previous studies. [20] [21] [22] This might be due to the fact that BCG fails to establish a long-lived memory response against these antigens.
Many studies focus on exploring functional CD4 and CD8 responses because these subsets are impacted by disease stage and bacterial burden. However, limited data are available on the surface markers of these subsets that are crucial for T-cell characterization (memory and regulatory). In the current study, we analysed antigen-specific memory and regulatory phenotypic profiles in latent and active TB for differential diagnosis of latent and active TB.
It has been shown that the functional and phenotypic properties of Tcm and Tem cells of CD4 and CD8 are deferentially expressed in LTBI and active TB. 37 So, the subsets of memory cells express different cell-surface markers based on the phase of the disease. In this study, we also evaluated the phenotypic properties of Tcm and Tem cells in LTBI and active TB on overnight antigenic stimulation.
We observed significantly elevated levels in the frequencies of CD4 + and CD8 + Tcm cells in HHC relative to PTB with all antigenic stimulations. Among these stimulations, the highest levels of significance were obtained for CD8 + Tcm cells when compared with the CD4 Tcm phenotype. The percentage of positivity shown by ESAT-6-, Rv0753c-and Rv0009-specific Tcm CD8 T cells seems to be promising in discriminating LTBI and PTB due to their higher positivity (80%) in HHC. Hence, including these antigens in the TB diagnostic test might improve the test performances, if similar results are obtained on the larger study population. On the other hand, effector memory T cells were higher in PTB than HHC. It has been previously reported that TST-positive individuals induce CD4 Tcm cells in response to ESAT-6 and CFP-10. 38, 39 Moreover, prolonged re-stimulation of peripheral blood mononuclear cells isolated from individuals with LTBI preferentially induces a central memory phenotype. The discriminative expansion of Tcm cells in response to RD1 antigens in TST-positive individuals with cured TB and in healthy individuals in response to BCG has also been reported. 39, 40 In agreement with previous studies, our report also showed that CD4 + Tcm cells were associated with latent infection, whereas Tem cells were associated with active TB. [39] [40] [41] [42] Overall, the association of Tem cells and active TB may reflect the active M. tuberculosis replication, whereas Tcm cells in LTBI indicate successful M. tuberculosis replication control. Earlier, we observed that significant levels of CD4 and CD8 secreting IFN-c in LTBI might be associated with a central memory phenotype that leads to maintenance of latency and protection against reactivation (unpublished data). On the other hand, Tem cells show immediate effector functions, maintaining pre-formed cytotoxic granules for rapid cytolysis of infected host cells. 43 The loss of CCR7 in effector T cells allows T-cell accumulation at the site of infection and subsequent onset of the adaptive immune response to replicating bacteria occurs. 44 The differentiation of T cells into a distinct functional population determines the quality of the immune response. 45 It has been reported that the relative proportions and frequencies of these distinct T-cell subsets (effector and memory) are correlated with pathogen burden and antigen load in viral infections 46 and TB infection. 47 In the present study, effector and effector memory T cells are predominant in PTB, which could be due to the higher antigenic load in active TB, unlike LTBI where the antigenic load is often presumed to be low and Tcm cells were predicted to be predominant in our results. The relative proportion of antigen-specific Tcm and Tem cell Tuberculosis is a chronic disease during which bacilli evade the immune system to persist within the host and there is a need to find and understand the mechanism of immunopathology of M. tuberculosis. The immune system possesses a regulatory mechanism in which Treg cells play essential roles in establishing and sustaining self-tolerance and immune homeostasis as well as regulating the host immune response to infection. Though extensive research has been performed on the role of Treg cells in recent years, it is not completely understood whether their differential expression can be used as a biomarker for differential diagnosis of LTBI and active TB. In this study, we have analysed the most frequently used classical regulatory markers like surface marker CD25 and intracellular transcription factor FoxP3. The FoxP3 is considered as a fundamental factor for the development and function of Treg cells and also acts as a most reliable molecular marker for Treg cells. 17 CD25 is an activation marker for T cells but, it can also be used as a marker for Treg cells. It is well known that Treg cells suppress the proliferation of Th cells by increasing expression of the IL-2 co-receptor CD25, which allows Treg cells to act as a sink for IL-2. This leads to IL-2 deprivation and the inhibition of T-cell proliferation. 48 The CD4 + CD25 + Treg cells have the specific role of limiting strong Th1 responses induced by microbial antigens during infections to prevent excessive inflammation and tissue damage in the host. 11 Hence, in this study, along with FoxP3, a key regulator of Treg cell development and function, CD25 can be used as a phenotype marker for Treg cells. Therefore, we included these two markers for analysing antigen-specific Treg cells and evaluated their possible role in discriminating LTBI and active TB.
We observed an increased frequency of Rv2204c antigen-specific CD4 + Treg cells in the peripheral blood of patients with active TB compared with HHC. Consistent with our observation, several studies also reported that CD4 + Treg cells were significantly higher in peripheral blood mononuclear cells of patients with active TB compared with individuals with LTBI 23, 49 despite few reports stating no significant differences in the percentage of CD4 + /CD8 + Treg cells between active TB and LTBI. 50 This varying observation could be due to the difference in the source and nature of the antigens used, incubation period, and ethnicity of the recruited population. The immune status of PTB reflects the pathogenesis of the disease and phenotypes like Treg are often found to be higher in PTB for most of the predicted antigens. In contrast to LTBI, the increase in Treg cells in PTB is often correlated with dampening of the Th1 response, which is still considered to be important for disease control. 51, 52 Due to the immunological imbalance in active TB, increased inflammation causes the higher frequency of circulating Treg cells in peripheral blood. 53, 54 It is unclear whether differentiation and expansion of Treg cells during TB infection lead to disease progression. However, Treg cells play a role in the immunosuppression of TB 51, 55 and other chronic infectious diseases, 11, 56 and subsequently lead to disease progression. A possible mechanism of immune suppression by Treg cells is producing transforming growth factor-b and/or IL-10 cytokines, which depresses IFN-c production, an important mediator required for anti-TB immunity. 49, 53 Our earlier observation predicted 21, 22 an increased expression of IL-10 in active TB that may be associated with the suppression of Th1 and Th17 immune responses, 53 ,57 inhibition of antigen processing and presentation 58 and inhibition of granuloma formation. 59 It has been also demonstrated that there is an increased IFN-c response after depletion of Treg cells in active TB. 60 Similar to this, our previous study [21] [22] [23] reported a decreased IFN-c response in patients with active TB who had increased levels of Treg cells in their circulation. Further, it is evidenced that Treg cells delay the activation of CD4 + and CD8 + cells in lymph nodes, which in turn causes delayed migration of these cells to the site of infection (lungs) during TB. 8 Also, it was reported that Treg cells allow the establishment of M. tuberculosis infection by delaying the onset of an adaptive immune response. 61, 62 On the other hand, the lower levels of Treg cells in LTBI could be due to the migration of Treg cells to the lungs during early infection. 63 Due to these distinct features in active TB and LTBI, Treg cells could be considered as a potential biomarker to differentiate latent infection and TB disease. It has already been reported that latency antigen heparinbinding haemagglutinin-specific Treg cells showed significant differences between latent and active TB. 64 Similarly, our selected antigens also showed maximum discrimination between LTBI and active TB.
The main objective of our study was to differentiate latent infection and active TB disease, which is a prerequisite to control the TB burden in endemic settings like India. Exposure to environmental mycobacteria is considered to be widespread (0Á7-34%) in India 65, 66 and preexisting immune responses might cross-react/interfere with the assessment of antigen-specific immune responses in healthy controls. Hence, for the present preliminary analysis, healthy community controls were not included. Also, lack of a reference standard test to differentiate healthy controls and healthy LTBI contacts further impedes the recruitment of healthy controls. In addition, BCG vaccination coverage in India is nearly 100%, hence it is highly challenging to recruit a sufficient number of uninfected (healthy) or non-BCG-vaccinated controls in an endemic setting like India. However, to enrich our understanding of the spectrum of immune responses during TB infection and to assess antigen-specific immune responses, discrimination between controls and infected patients, including healthy controls, for in vitro analysis would be beneficial.
Conclusion
Taken collectively, our results demonstrate the association of central memory T cells with LTBI and effector T-cell association with active TB. ESAT-6-, Rv0753c-and Rv0009-specific central memory CD8 T cells showed > 80% positivity in HHC and 20% positivity in PTB. Hence, this phenotype might be useful to discriminate LTBI from active TB. Further, our data indicate that patients with active TB have a higher proportion of circulating Rv2204c antigen-reactive CD4 + Treg cells than individuals who are LTBI. However, additional studies are required to validate our observation in the larger study populations using these phenotypic markers for the differential diagnosis of latent and active TB. Further, prospective studies to follow up individuals who are LTBI to assess their risk of TB progression by measuring the specific memory and regulatory phenotypes of these antigens.
